Oxidative liver injury during steatohepatitis results in aggregation and transglutaminase-2 (TG2)-mediated crosslinking of the keratin cytoplasmic intermediate filament proteins (IFs) to form Mallory-Denk body (MDB) inclusions. The effect of liver injury on lamin nuclear IFs is unknown, though lamin mutations in several human diseases result in lamin disorganization and nuclear shape changes. We tested the hypothesis that lamins undergo aggregation during oxidative liver injury using two MDB mouse models: (i) mice fed the porphyrinogenic drug 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) and (ii) mice that harbor a mutation in ferrochelatase (fch), which converts protoporphyrin IX to heme. Dramatic aggregation of lamin A/C and B1 was noted in the livers of both models in association with changes in lamin organization and nuclear shape, as determined by immunostaining and electron microscopy. The lamin aggregates sequester other nuclear proteins including transcription factors and ribosomal and nuclear pore components into high molecular weight complexes, as determined by mass-spectrometry and confirmed biochemically. Lamin aggregate formation is rapid and precedes keratin aggregation in fch livers, and is seen in liver explants of patients with alcoholic cirrhosis. Exposure of cultured cells to DDC, protoporphyrin IX or Nmethyl-protoporphyrin, or incubation of purified lamins with protoporphyrin IX, also results in lamin aggregation. In contrast, lamin aggregation is ameliorated by TG2 inhibition. Therefore, lamin aggregation is an early sensor of porphyria-associated liver injury and might serve to buffer oxidative stress. The nuclear shape and lamin defects associated with porphyria phenocopy the changes seen in laminopathies and could result in transcriptional alterations due to sequestration of nuclear proteins.
Introduction
Intermediate filament proteins (IFs), microtubules and microfilaments, form the major components of the cytoskeleton (Ku et al., 1999) . IFs are widely expressed in a cell-and tissuedependent manner and are divided into 6 types based on similarities in their protein structure (Fuchs and Cleveland, 1998; Goldman et al., 2008; Herrmann et al., 2009) . Types I-IV are cytoplasmic IFs, including keratins, vimentin and neurofilaments; type V represent the nuclear lamins; and type VI include the lens-specific proteins Bfsp1 and Bfsp2 (Fuchs and Cleveland, 1998; Goldman et al., 2008; Herrmann et al., 2009) . Structurally, IFs consist of a central a-helical 'rod' domain that is flanked by non-a-helical N-terminal 'head' and C-terminal 'tail' domains (Fuchs and Cleveland, 1998; Ku et al., 1999; Goldman et al., 2008; Herrmann et al., 2009 ).
The nuclear lamin IFs represent the major component of the nuclear lamina, and are found beneath the inner nuclear membrane and form part of the nuclear envelope (Dechat et al., 2008; Worman, 2012) . Lamins play important roles in providing structural integrity, DNA replication, protein trafficking and gene transcription (Dechat et al., 2008; Worman, 2012) . They are classified into A-and B-types, with A-type lamins being found mainly in differentiated cells, whereas B-type lamins being expressed in all cells throughout development (Dechat et al., 2008; Worman, 2012) . A-type lamins include lamins A and C, which are derived from a single LMNA gene by alternative splicing. Lamin A and C differ in their carboxy terminus, with lamin A containing a CaaX motif. B-type lamins include lamin B1 and B2 proteins that are derived from the LMNB1 and LMNB2 genes respectively (Dechat et al., 2008; Worman, 2012) .
IFs are involved in various human diseases that are tissue selective (Fuchs and Cleveland, 1998; Omary et al., 2004) . Mutations in lamin genes lead to variety of laminopathies including muscular dystrophies, lipodystrophy, cardiomyopathies and premature aging (Dechat et al., 2008; Bertrand et al., 2011; Worman, 2012) . IFs are also involved in the formation of protein inclusions independent of IF mutation Omary, 2009) . For example, the cytoplasmic IFs, keratins 8 and 18 (K8/ K18), undergo aggregation and formation of inclusions called Mallory-Denk bodies (MDBs) which are commonly seen in several forms of liver injury particularly those related to alcoholic and non-alcoholic steatohepatitis (Zatloukal et al., 2007) . MDBs are induced in mice by feeding the porphyrinogenic compound 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) for 3 months (Zatloukal et al., 2007) . MDB formation requires several cellular events including crosslinking of keratins by transglutaminase-2 (TG2) and site-specific keratin phosphorylation Strnad and Omary, 2009; Kwan et al., 2012) . Lamins are also known to undergo aggregation in various laminopathies, such as in Hutchinson-Gilford progeria syndrome (Dechat et al., 2008) , and become oxidized via conserved C-terminal cysteine residues in response to cell senescence (Pekovic et al., 2011) . However, the effect of oxidative liver injury on lamins, and whether lamins aggregate independent of lamin mutation are unknown.
Given the importance of lamins in several critical nuclear functions, and the fact that keratins and lamins belong to the same IF class family, we hypothesized that lamins also undergo aggregation during liver injury in a manner that is similar to keratins. We tested this hypothesis in both drug-induced and genetically-linked porphyria models. Our findings demonstrate the formation of lamin aggregates in both of these models. Importantly, we show that lamin aggregation is an early event as compared to keratin aggregation, and is likely to be related to direct cross-linking by porphyrin and possibly via transamidation by TG2.
Results

Formation of lamin aggregates in drug-and geneticinduced porphyria models
We examined the changes in lamin proteins in livers of C57BL mice fed DDC for 3 months. Notably, there was a decrease in the lamin B1 and A/C monomers with concurrent formation of lamin high molecular weight (MW) complexes exclusively in the livers from the DDC-fed animals (Fig. 1A) . To determine if the lamin aggregation is drug-specific or if it can be similarly observed in a genetic model of spontaneous MDB formation that is also associated with porphyria (Singla et al., 2012) , we isolated the nuclear fractions from the Fech m1Pas mice [which harbor a mutation in the ferrochelatase (fch) gene] (Tutois et al., 1991) . We found prominent formation of lamin high MW complexes in homozygous (fch/fch) mice as compared to wild-type (wt/wt) and heterozygous (wt/fch) mice (Fig. 1A) . Furthermore, immunofluorescence staining for lamin B1 showed the presence of lamin aggregates and misshapen nuclei in fch/fch versus wt/wt mice (Fig. 1B) . Lamin A/C and lamin B1 aggregate formation was also observed in DDC-fed mice as determined by immunofluorescence staining (supplementary material Fig. S1 ). Presence of misshapen nuclei in conjunction with nuclear membrane lobulations and loss of the peripheral heterochromatin was also confirmed by electron microscopy of fch/ fch livers (Fig. 1C) . Nuclear staining of liver tissue sections confirmed the nuclear shape changes in fch livers (Fig. 1D) , with percent of cells with round nuclei being 7162% in wild-type livers and 2862% in fch livers.
To further characterize the composition of nuclear aggregates, we analyzed the high MW protein bands visualized by Coomassie staining in the fch/fch but not control livers ( Fig. 2A ) using mass spectrometry. Peptides corresponding to Fig. 1 . Lamin aggregates are present in DDC-fed and fch/fch mice. (A) Liver nuclear extracts were prepared from C57BL mice (controls or DDC-fed for 3 months) or from 5-month-old wt/wt (+/+), wt/fch (+/2) and fch/fch (2/2) mice, then subjected to 8% SDS-PAGE and immunoblotted with antibodies to lamin B1 and A/C. Two images with different exposure times are shown for each gel. The lower panel for each gel represents the shorter exposure (10 seconds) and shows the lamin monomer, whereas the upper panels show the longer exposure image (10-30 minutes) and depict the lamin high MW complexes. Coomassie stain of the nuclear extracts is included to show equal protein loading. (B) Immunofluorescence staining was performed on liver sections from wild-type and fch/fch mice. Lamin B1 is shown in red and nuclei are shown in blue. Panels Bc and Bd show higher magnification of the boxed areas in Ba and Bb, respectively. (C) Transmission electron microscopy was carried out on livers from wild-type and fch/fch mice. (D) Liver sections from wild-type and fch/fch mice were stained with DAPI to determine nuclear shape. Scale bars: 5 mm.
numerous proteins were identified and categorized into structural proteins, signaling mediators, transcription factors, nuclear pore proteins (Nups) and ribosomal proteins ( Fig. 2A) . Aggregation (or potentially crosslinking) of some of the identified proteins (b-catenin, Nup155 and dynamin), with concurrent decrease in detection of the monomer, was validated by immune blotting (Fig. 2B and supplementary material Fig. S2A ). Immunofluorescence staining, using antibody mAb414, showed mislocalization and aggregation of Nups in the liver of fch mice (Fig. 2C ).
Lamin aggregation is an early event in response to liver injury
We then asked whether the changes in lamins is a late or early event in response to injury and how that compared with cytoplasmic protein changes that are known to involve keratins. Even short-term DDC-feeding (2 days) of C57BL mice is accompanied by formation of high MW lamins (Fig. 3A) , while K8 showed the formation of lower molecular weight complexes and with lower relative intensity of antibody reactivity (Fig. 3B ). Since DDC feeding is known to result in protoporphyrin IX (PPIX) accumulation via its inhibition of ferrochelatase (Zatloukal et al., 2007) , we measured PPIX levels in the livers of DDC-fed mice after 2 days of feeding. PPIX levels were not detectable in controls, while PPIX levels after 2 days of DDC feeding were 24868.7 pmol/mg of liver tissue. Additionally, immunofluorescence staining showed the presence of lamin aggregates and misshapen nuclei after 2 days DDC feeding (Fig. 3C ). However, there were no obvious keratin aggregates or filament reorganization after 2 days of DDC feeding. These results suggest that lamin aggregation is an early event as compared with the cytoplasmic keratins. Furthermore, livers of mice fed griseofulvin for 5 days, which also causes porphyria and liver injury (Zatloukal et al., 2007) , also results in the formation of prominent lamin high MW complexes (supplementary material Fig. S2B ). The lamin aggregates that form in the liver after the short-term 2 days of DDC feeding are highly insoluble as evidenced by their increased presence in the pellet fraction as compared to the nuclear extract fraction (supplementary material Fig. S2C ).
Given that MDB formation in fch/fch mice occurs progressively as the mice age (Singla et al., 2012) , we examined the time course of lamin aggregation relative to keratin aggregation. Notably, fch/fch (2/2) livers accumulates lamin-containing high MW complexes as early as 1 month of age, at a time when keratin aggregates are not detectable (Fig. 3D ). As shown in Fig. 3D , young fch mice showed marked formation of lamin but much less evidence of keratin high MW complexes. Taken together, lamin aggregation occurs rapidly in the context of porphyria that is associated with drug feeding (within 2 days) or in the genetic fch model (within 1 month), at a stage when changes in the cytoplasmic keratins are still modest.
Lamin aggregation occurs in vitro but is independent of direct oxidative injury
We then developed an in vitro cell culture lamin aggregation model utilizing human hepatoma HepG2 cells. Exposure of HepG2 cells to different doses of N-methyl protoporphyrin (NMP; the metabolite of DDC responsible for ferochelatase inhibition) for 48 hours resulted in a dose dependent decrease in lamin monomers with parallel increase in lamin high MW complex formation (Fig. 4A) . Treatment of HepG2 cells with PPIX led to the formation of lamin high MW complexes in the nuclear fraction as early as 5 minutes after exposure (Fig. 4B ). There was a dramatic loss of lamin monomers after 4 hours and 20 hours of PPIX exposure with reciprocal increases in lamin aggregates in the pellet fractions (Fig. 4B) . Similarly primary mouse hepatocyte cultures treated with DDC also showed the changes in nuclear shape and a change in the lamin staining from the typical nuclear rim to the formation of puncta (Fig. 4C) . Furthermore, to examine if the PPIX-mediated lamin aggregation is oxidation-related, HepG2 cells were pretreated with N-acetyl cysteine (NAC) and incubated with Fig. 2 . Mass spectrometry analysis and validation of high MW complexes isolated from fch/fch mice. (A) Nuclear extracts from wild-type (+/+) and fch/fch (2/2) liver were subjected to 8% SDS-PAGE followed by staining of the gel with Coomassie Blue. Extracts from the fch/fch mice showed the presence of high MW bands (shown in the two red boxes). The boxed bands were excised and analyzed by mass spectrometry. The proteins that were identified by mass spectrometry were categorized as structural proteins, signaling mediators and transcription factors, nuclear pore proteins and ribosomal proteins. (B) Nuclear extracts from livers of wild-type, wt/fch (+/2) and fch/fch mice were analyzed by immunoblotting using antibodies to Nup155 and b-catenin. Brackets highlight the high MW species. (C) Liver sections from wild-type and fch/fch mice were stained for Nup proteins (green) and nuclei (blue) using mAb414 antibody. Scale bar: 5 mm. different concentration of PPIX. As shown in supplementary material Fig. S3A , pre-treatment with NAC did not prevent the formation of lamin aggregates which suggests a direct PPIX effect.
Lamin aggregation is mediated by TG2 and via direct crosslinking by protoporphyrin IX
Since keratin aggregation during MDB formation requires crosslinking by TG2 , we hypothesized that Fig. 3 . Lamin aggregation in response to injury is a rapid event as compared with keratin aggregation. (A) C57BL mice were fed DDC for 2 days. Liver nuclear extracts were prepared and immunoblotted using antibodies to lamin B1 and A/C. The exposure of the upper and lower parts of the gel is similar to that shown in Fig. 1A,B. (B) HSE were prepared from controls and mice fed DDC for 2 days to obtain the relatively insoluble keratin-enriched fraction, followed by analysis by immunoblotting using anti-K8 antibody. (C) Liver sections from controls and mice fed DDC for 2 days were stained for lamin B1 (red) and K8 (green). Merged images also show the staining of nuclei (blue). (D) Nuclear extracts (lamins) and HSE (K8) from 1, 3 and 5-month-old wild-type and fch/fch animals were used to examine lamin B1, lamin A/C and K8 expression and aggregation. Scale bar: 5 mm. lamin aggregation might be related to transamidation by TG2. To test this hypothesis, we examined the transglutaminase (TG) activity in HepG2 cells after PPIX treatment as measured by incorporation of the TG small molecule substrate 5-(biotinamido)pentylamine (5-BP) into cellular proteins. As shown in Fig. 5A , incorporation of 5-BP into liver proteins was significantly enhanced upon treatment with PPIX. The increased incorporation of 5-BP was almost completely abolished in the presence of the TG2 inhibitor cystamine (Fig. 5B) . Therefore, PPIX results in TG activation.
We then tested the effect of cystamine on lamin aggregation in cultured cells. Exposure of HepG2 cells to PPIX, with or without cystamine, results in the formation of high MW lamin species that decrease in the presence of cystamine (Fig. 5C ). In addition, treatment of nuclear extracts from HepG2 cells or from normal mouse liver with recombinant TG2 resulted in lamin aggregation (Fig. 5D) . Lamin aggregation was also investigated in TG2 overexpressing cells with or without PPIX treatment. As shown in supplementary material Fig. S3B , transfection of TG2 in the presence of PPIX results in a further decrease in the lamin B1 and A/C monomers as compared to PPIX-treated cells that are not transfected with TG2 (compare lanes 2 and 4). However, there was no change in the formation of lamin high MW complexes, which may be due to antibody epitope masking of what we predict are highly crosslinked high MW species. Collectively, these data suggest that PPIX-mediated lamin aggregation is related to crosslinking by TG.
Metalloporphyrins are known to mediate crosslinking of the proteins in the presence of oxidants (Campbell et al., 1998 ). Therefore, we tested whether lamin crosslinking can take place directly by PPIX. Incubation of purified lamins (lamin A and C) with PPIX resulted in lamin A and C crosslinking (Fig. 5E,F) . Therefore, lamin crosslinking in the setting of porphyria, may take place directly by protoporphyrin in a non-enzymatic manner.
Lamin aggregates are also present in human end-stage liver disease samples
We compared the presence of lamin aggregates in liver explants from patients with alcoholic cirrhosis versus control normal human livers. Lamin-containing high MW species were noted only in cirrhotic livers (Fig. 6A) . These results provide a potential clinical relevance of our findings.
Discussion
Lamin-containing aggregates form in the context of liver injury
Cytoplasmic IF proteins are known to exhibit aberrant organization and formation of IF aggregates in the form of inclusions as described for K8/K18 in alcoholic and nonalcoholic steatohepatitis (Zatloukal et al., 2007; Omary et al., 2009) , glial fibrillary acidic protein in Alexander disease (Liem and Messing, 2009) , and desmin in desmin-related myopathy (Sugawara et al., 2000) . Similarly, the presence of nuclear lamin or cytoplasmic keratin aggregates (not inclusions per se, presumably due to the smaller-sized aggregates as compared to inclusions seen by standard hematoxylin and eosin staining) has been reported in several laminopathies (Dechat et al., 2008; Bertrand et al., 2011; Worman, 2012) and in the setting of epidermal keratin mutation in the Dowling-Meara form of epidermolysis bullosa simplex (Coulombe et al., 1991) . Our findings demonstrate for the first time the presence of nuclear lamin aggregates in the absence of lamin mutation but in response to porphyria-mediated liver injury, which also reflects an oxidative form of liver injury (Hanada et al., 2010; Snider et al., 2011) . Our findings are not able to distinguish whether lamin aggregation takes place en-route to the nucleus or directly in the nucleus. However, lamin aggregates are observed very rapidly (within 5 minutes) in the nuclear fraction (Fig. 4B) .
Lamins are known to interact with several proteins and are involved in multiple cellular functions including maintenance of nuclear integrity, transcriptional regulation, signal transduction, DNA repair mechanisms and cell cycle control (Dechat et al., 2008; Andrés and González, 2009; Wilson and Foisner, 2010; Bertrand et al., 2011; Worman, 2012) . Mislocalization and aggregation of lamins has been shown to perturb various cellular functions. For example, transfection of HeLa cells with mutant (A) HepG2 cells were treated with 5 mM PPIX for 24 hours followed by incubating the cells with 1 mM 5-BP for 2 hours. Nuclear extracts were then prepared and blotted using streptavidin-HRP to examine 5-BP incorporation to cellular proteins. (B) HepG2 cells were pretreated with cystamine dihydrochloride for 1 hour followed by co-incubation with PPIX for 24 hours in the presence or absence of 5-BP for the last 2 hours. Nuclear extracts were then prepared and analyzed as for A. (C) Nuclear extracts were prepared from the cells with or without co-incubation with cystamine and PPIX, followed by blotting with anti-lamin B1 antibody. (D) Nuclear extracts from control HepG2 cells and from normal C57/BL mouse liver were incubated with 3.5 mg/ml of recombinant TG2 for 15 minutes. Nuclear extracts were then blotted using anti-lamin B1 antibody. (E,F) Purified lamins A (E) and C (F) were incubated with 5 mM PPIX for 5 minutes followed by the SDS-PAGE and blotting using anti-lamin A/C antibody. lamin A induced re-distribution of retinoblastoma protein and the sterol responsive element binding protein 1a into nuclear aggregates (Hübner et al., 2006) . Similar to this but in the absence of lamin mutation, we identified various proteins as components of the high MW lamin-containing species including Nup155, b-catenin and dynamin. Nup155 is a nuclear pore complex protein, which along with other Nup proteins, importins and exportins plays a major role in nuclear trafficking (Kodiha et al., 2008) . The presence of Nup155 in the aggregates we observed is consistent with the study showing the mislocalization and nuclear retention of nuclear transport proteins (Nup153, Nup88) in response to oxidative stress (Kodiha et al., 2008) .
The major hallmark of naturally-occurring lamin mutations includes changes in nuclear shape and function (Dechat et al., 2008; Bertrand et al., 2011; Worman, 2012) . The ultrastructural and immune staining analysis herein demonstrated the presence of irregular nuclei in fch/fch mice, which we attribute to porphyria and oxidative stress-related changes in lamins. These nuclear morphological changes are similar to what has been described in patients with lamin mutations (Dechat et al., 2008) . In contrast and with respect to keratin aggregation, our findings indicated that lamin aggregation is an early event in porphyrogenic liver injury models and is noted in mice as early as 2 days after DDC feeding or in young fch/fch mice that do not harbor keratin aggregates. Hence, lamin aggregation appears to be a highly sensitive marker of porphyria-related injury.
The formation of lamin aggregates was also noted in liver explants from patients with alcoholic cirrhosis which provides a human clinical context to our findings. In this case, formation of such aggregates may be due to the activation of TG2 given that ethanol administration to mice results in TG2 activation and translocation to the nucleus coupled with crosslinking of Sp1 (Tatsukawa et al., 2009) . Also, porphyria is not a feature of alcohol-related liver injury so a direct PPIX-mediated crosslinking or aggregation could not be invoked. Therefore, lamin aggregation is likely to take place in a variety of disease settings, but the extent and mode of aggregation is predictably context dependent.
Mechanisms involved in lamin aggregate formation
Our results showed a decrease in lamin monomers with formation of high MW lamin-containing complexes that we term aggregates due to their insolubility and stability to the presence of reducing agents. These aggregates were noted in livers from DDC-fed, griseofulvin-fed, and fch/fch mice. The decrease in the lamin monomer is consistent with another report that described loss of anti-lamin antibody reactivity to liver extracts isolated from griseofulvin-fed mice (Zatloukal et al., 1992) . Several lines of evidence support the increase in oxidative load in the presence of porphyria. For example, the porphyria that is induced by DDC feeding or in the context of Fch mutation is associated with enhanced protein oxidation as measured biochemically (Hanada et al., 2010; Singla et al., 2012) , altered bioenergetics with decreased liver ATP levels (Singla et al., 2012) , and increased levels of hepatocyte reactive oxygen species (ROS) (Snider et al., 2011) . In addition, PPIX increases intracellular H 2 O 2 levels as noted in cultured HepG2 cells (Koningsberger et al., 1995) . Therefore, the presence of lamin aggregates in drug and geneticinduced liver injury models is likely related to the oxidative stress caused by accumulated PPIX. These findings are consistent with recent observations showing that oxidant exposure to lamin A thiols, as occurs during exposure to ROS or during cell senescence, results in lamin oxidation at conserved cysteines (Pekovic et al., 2011) . Conversely, patients with LMNA mutations exhibit increased sensitivity to oxidative stress and show elevated ROS levels (Malhas et al., 2009; Pekovic et al., 2011; Richards et al., 2011; Sieprath et al., 2012) . Lamin B1 also plays a role in oxidative stress; for example, lamin B1 expression decreases under conditions of chronic oxidative stress and this decrease alters the anti-oxidant protein expression through regulation of p53 or Oct-1 (Malhas et al., 2009) .
Although an increase in the oxidative load might trigger lamin aggregation, the downstream mediators of the aggregation are (A) Nuclei-enriched fractions from normal and alcoholic cirrhosis explant livers were analyzed by SDS-PAGE followed by blotting using anti-lamin B1 antibody. (B) Schematic model of lamin and keratin aggregate formation in response to porphyria or chronic liver injury. DDC or griseofulvin administration to mice, or a point mutation in fch, results in inactivation of ferrochelatase, thereby leading to the accumulation of PPIX. Accumulated PPIX activates TG2, which in the cytoplasm leads to formation of MDBs and in the nucleus can lead to formation of lamin aggregates. PPIX itself can further directly aggregate or crosslink lamins in the nucleus. The relative contribution of direct PPIX-mediated aggregation and TG2-mediated crosslinking are likely to be context dependent.
likely to be multi-factorial and context dependent, and may not be related to direct oxidative injury per se (for example the oxidative scavenger NAC did not decrease lamin aggregate formation in HepG2 cells, supplementary material Fig. S3B ). In the case of porphyria-associated liver injury, our findings indicate that two mediators of lamin aggregation are likely to be direct crosslinking by PPIX and possible involvement of TG2 in liver injury that involves TG2 activation but not porphyria (e.g. alcoholic liver disease). There was an increase in the activity and expression level of TG2 in fch mice, but TG2 itself is not found in the aggregates (either by the mass spectrometry analysis or by immune blotting, not shown). Any involvement of TG in lamin crosslinking is likely to be similar to its involvement in keratin transamidation and crosslinking Omary et al., 2009) . Consistent with this, various stimuli are known to activate TG2 that is then involved in the crosslinking and modification of various nuclear proteins including histones, hypoxia inducible factor 1, Sp1 and E2F1 (Kuo et al., 2011) . Another mechanism of lamin aggregation is direct modification by PPIX. The precise nature of modification by PPIX remains to be defined, including determining whether it involves crosslinking via bityrosines adducts (Campbell et al., 1998) , though modification of histidines with or without crosslinking with consequent aggregation are also possible (Dubbelman et al., 1978) . In addition, PPIX has been reported to inhibit cytochrome P450 enzymatic activity (Williams et al., 1992) , although the exact nature of PPIXcytochrome P450 adduct formation to our knowledge is not known. Taken together, our findings suggest a model (Fig. 6B ) whereby accumulation of PPIX either activates both nuclear and cytoplasmic TG2 or it binds to nuclear proteins directly, thereby resulting in cytoplasmic and nuclear aggregate formation. Alternatively, TG2 may be activated via other insults to cause lamin aggregation. Direct characterization of PPIX adducts or transamidated peptides will be needed to help define the modified sites and proteins, and to clarify the specific mechanisms that are involved.
Materials and Methods
Reagents, tissues and animal experiments
The antibodies used included: K8 (Troma-I) (Developmental Studies Hybridoma Bank); lamin B1 and mAb414 (Abcam), and lamin A/C (Santa Cruz Biotechnology). All animal and human studies were approved by the Animal Use and Care Committee, and Human Subject Committee at the University of Michigan. C57BL animals were obtained from Jackson laboratories and were fed 0.1% DDC or 1.25% griseofulvin (Sigma-Aldrich) in LabDiet 5001 (PMI Nutrition International). Age and gender matched control mice were fed a standard mouse diet. Fech m1Pas mice (Balb/c background) were also obtained from Jackson Laboratories and were described previously (Singla et al., 2012) . Mice were euthanized by CO 2 inhalation and livers were harvested and snap-frozen. Normal human livers were obtained from National Disease Research Interchange and the alcoholic cirrhosis livers explants were obtained without identifiers from patients with end-stage liver disease who underwent liver transplantation.
Nuclear extracts, high salt extracts and immunoblotting Nuclear extracts were prepared using the NE-PER cytoplasmic/nuclear fractionation kit (Thermo Fisher Scientific). High salt extracts (HSE) were prepared as previously described to obtain keratin-enriched fractions (Ku et al., 2004) . Equal protein amounts were loaded on 8% or 10% SDS-polyacrylamide gels and stained by Coomassie Blue or transferred to polyvinylidene-difluoride membranes and immunoblotted using relevant antibodies. High MW protein bands identified after Coomassie staining were excised from the gel and were analyzed using mass spectrometry after in-gel digestion of the gel strip with trypsin (MS Bioworks).
Hepatocyte isolation
Livers from C57BL mice were resected followed by hepatocyte isolation as described (Snider et al., 2011) . Briefly, livers were perfused with Hank's balanced salt solution containing 0.5 mM EGTA, 5.5 mM glucose and 1% penicillinstreptomycin after the mouse was anesthetized with 50 mg/kg Nembutal (Lundbeck Inc.). Livers were then perfused with a solution containing Hanks balanced salt solution with 1.5 mM CaCl 2 , 5.5 mM glucose, 1% penicillinstreptomycin and 2000 units of collagenase IV (Worthington Biochemical Corporation). Cells were then filtered using a 70-mm cell strainer and were cultured in William's medium E on collagen-coated dishes and were allowed to attach for 8 hours before treatment with DDC.
Immunofluorescence staining and electron microscopy Liver sections and primary hepatocytes were fixed in acetone and methanol respectively, air-dried and stained as described (Ku et al., 2004; Snider et al., 2011) . Stained tissues or cells were mounted with ProLong Gold containing DAPI (Invitrogen) and imaged using confocal microscopy (Fluoview 500; Olympus). For electron microscopy, 2-mm wide pieces of liver from wt/wt and fch/fch mice were fixed for 2 hours in phosphate buffered saline (PBS) containing 2% formaldehyde (prepared from paraformaldehyde) and 2% glutaraldehyde, and were then rinsed in PBS. Specimen were then post-fixed for 45 minutes with 1% aqueous OsO 4 . Tissues were then dehydrated and embedded in Epon, stained with uranyl acetate and lead citrate, followed by image acquisition using a Philips CM-100 electron microscope.
Cell culture, transglutaminase experiments and lamin in vitro crosslinking
HepG2 human hepatoma cells (American Type Culture Collection) were cultured as recommended by the supplier. Cells were treated with N-methyl protoporphyrin (NMP) for 48 hours or with PPIX for different time points, followed by analysis by immunoblotting. For the detection of TG activity, control or treated cells were incubated with 1 mM 5-BP for 2 hours, followed by preparation of nuclear extracts then immunoblotting. Cell transfection with cDNA for TG2 was carried out using Lipofectamine 2000 (Invitrogen) in six-well plates (3-4 mg of DNA/ well). After 48 hours, cells were harvested and nuclear extracts were prepared. Lamin crosslinking was carried out by incubating 500 nM of protein and 5 mM of PPIX for 5 minutes (22˚C, 15 ml total volume). The reaction was quenched by adding equal volumes of 26 reducing Laemmli sample buffer, and samples were boiled for 5 minutes then analyzed after separation using 8% SDS-polyacrylamide gels.
